Emissions of major air pollutants including carbon monoxide (CO), nitrogen oxides (NOx) and mercury (Hg) were studied at two sewage sludge fluidized bed combustion (FBC) plants. Both the North West Bergen (NWB) County Utility Authority and the Little Miami (LM) plants have air pollution control systems (APCS) that are of the wet type. Various operating conditions such as temperature, excess air, fuel and feed properties, concentration of calcium chloride, and the method of operating were investigated to determine their effect on the emissions.
INTRODUCTION
NOx are an environmental problem because they can initiate reactions resulting in the production of ozone and acid rain. These pollutants can harm forests and lakes, damage buildings and cause health problems. Guidelines for controlling NOx emissions are provided in the 1990 Clean Air Act Amendments (CAAA) under the "Nitrogen Oxides Emission Reduction Program" and "Ozone Non-Attainment Program". For municipal sewage sludge combustors, NOx is not regulated at the Federal level yet. However, most state authorities already regulate NOx emissions for their municipal sewage sludge combustors and have very stringent limits.
CO is a colorless, odorless gas and is harmful to the general public. It is generated when carbonaceous based fuels are not completely combusted to carbon dioxide. CO is considered by the regulatory agency as the surrogate of organic emissions. CO is not regulated at Federal level, but most States impose a limit on CO emission for municipal sewage sludge incineration.
Among the 189 substances listed as hazardous air pollutants in the CAAA of 1990, Hg is the metal species of greatest concern due to its extreme toxicity and the risk that it could cause to human and to animal if released to the environment. In several countries, legislation is being prepared to limit the emission of mercury to the atmosphere.
In the US, the EPA Maximum Achievable Control Technology (MACT) will limit Hg emissions to 40-110 µg/dscm at 7 % O 2 for hazardous waste incinerators. For municipal sewage sludge combustors, Federal regulation (40CFR Part 61, Subpart E) limits mercury emissions to 3,200 grams per 24 hours. However, most States Authorities already regulate more stringent limits.
While most of the trace metals can be efficiently removed in today's air pollution control system, Hg is present mainly in its vapor phase and is difficult and expensive to remove.
The objectives of the study were to measure the emissions of the pollutants at different operating conditions in order to gain more process knowledge and to find methods for reducing these compounds.
Review of Sewage Sludge Incineration and Emissions Control
FBC is the preferred thermal technique for sludge disposal for the last thirty years mostly due to its low emissions (Dangtran et al., 2000) . However, it is important to understand the mechanisms of the emissions formation and the controllable operating parameters to reduce the emissions even further to be in compliance with the anticipated tighter regulations.
NOx emissions from FBC plants consist typically of 90% NO and 10% NO 2 . Compared to other thermal techniques, the FBC technique has a rather low operating freeboard temperature, ranging from 1500-1600 o F. Therefore, it is anticipated that with the FBC little atmospheric nitrogen is converted to NOx (as thermal NOx). Perry et al. (1997) reported that the NOx generated are mainly fuel NOx, coming from a small percentage of nitrogen bound in the feed including sludge and auxiliary fuel.
The rate of formation of CO and NOx is dominated by combustion conditions. Both pollutants can be reduced if the plant is operated correctly. A number of research papers showing impacts of the operating conditions on the emissions can be found in the literature. However, the majority of these papers are dedicated to either solid materials, and if it concerns sewage sludge, it describes other thermal techniques than FBC. Sapienza et al. (1998) noted that in order to minimize NOx emissions from sludge FBC, it is recommended to adjust the sludge dewatering to achieve 24-25% solids content, to maintain a low excess air to lower than 5% wet gas basis, and to keep a freeboard temperature between 1500 and 1550 o F.
In burning refused derived fuel (89% TS and 86%VS) in a bench scale fluid bed, Piao et al. (1998) found that excess air increases NOx but reduces CO emissions. Similar to Piao et al. (1998) , but with regard to multiple hearth sludge incineration, Quinn et al. (1996) showed conflicting behavior of CO and NOx in terms of the impacts of temperature and excess air. NOx emissions generally increase with excess air and the effect is more pronounced at higher temperatures. Both total hydrocarbons (THC) and CO emissions are reduced with excess air and rising temperature. Chyang et al. (2000) measured the emission of NOx at different height levels on a vortex pilot scale fluid bed, in which over-bed air was injected tangentially into the freeboard to increase mixing. Several solid materials having different volatile solids (VS) contents (soybean, rice husk and high sulfur coal with VS content of 74.3, 58.7 and 31.4%, respectively) were tested. Their results show that most of the NO is generated at the feed port level (over-bed feeding at bed surface level in this case) and will be reduced further up in the freeboard by reacting with CO to form CO 2 and N 2 . The authors also note that NOx generated at the bed surface level increase with the VS content of the feed. Dellinger et al. (1999) reviewed numerous NOx emission tests on multiple hearth furnaces burning municipal sewage sludge. The emission rate of NOx increased proportionally with top hearth or after burner temperature. The rate increases from 3 to 14 pounds of NOx per ton of dry solids, when the temperature increases from 650 to 1500 o F.
If good operating practices are used to reduce the generation of CO and NOx during the combustion process, post combustion approaches are also used to remove NOx and Hg from the exhaust gas before its release to the stack. A number of different methods have been proposed to reduce mercury and/or NOx emissions from combustor exhaust gas. However, these processes are sophisticated due to either the extension of additional equipment or the hazardous nature of the additives. Very few of them propose simultaneous reduction of both mercury and nitrogen oxides.
Nitrogen oxides can be removed from combustor exhaust gas by selective catalytic reduction (SCR), selective non catalytic reduction (SNCR), and wet flue gas denitrification.
The SCR can remove 80-90% of NOx from a flue gas stream but require the injection of ammonia or urea into the exhaust gas prior to entering the SCR reactor. Ammonia reduces NOx to nitrogen (N 2 ) at 600-750 o F in the presence of a catalyst. Chironna et al. (1999) noted that sometimes it is necessary to first pass through a wet removal process to eliminate dust and poisonous chemicals such as sulfur and chlorine that hinder the SCR process, then reheat the gas for the SCR.
The SNCR process consists of injecting urea or ammonia into the combustion or post combustion zone where the temperature is within the range of 1600-2100 o F. As with the SCR, the reaction of urea or ammonia with NO forms nitrogen, carbon dioxide and water. With this technique, Latta (1998) reported a rather low NOx reduction efficiency of 30-50%.
Since the majority of NOx in the off gas is in the form of NO, which has a very low solubility in water, it is difficult to reduce the amount of NOx in the standard air pollution control system by wet scrubbing. However, if ozone (O 3 ), chlorine dioxide (ClO 2 ) or others are added to the exhaust gas, NO in the exhaust gas can be oxidized to a higher oxidation state like NO 2 or NO 3 , and /or formed into another compound. These products are soluble in water, and therefore a larger amount of NOx can be removed in the wet scrubber system (Chironna et al., 1999) . Also, since the solubility of NO 2 is increased in alkaline aqueous solutions (having a pH from 7 to 14) Saxena et al. (1999) suggested to use a separate wet scrubber containing either a sodium hydroxide or calcium hydroxide solution.
Removal of mercury from combustion gas is also subject to a lot of research for the last 10 years. A critical review of various control techniques can be found elsewhere (Brown et al., 1999) . Dewling et al. (1980) found that, due to the high vapor pressure, all the mercury in the FBC feed ends up in the exhaust gas, in the vapor phase, at typical FBC exhaust gas temperatures of 1500-1600 o F. At this temperature range, Chambers et al. (1998) noted the only species that exists is the elemental Hg 0 , because it is thermodynamically and kinetically favored over all oxidized species. Elemental Hg 0 is insoluble in water and is unaffected by the wet scrubbing system. However, as the exhaust gas cools off in the downstream equipment, including the heat recovery and the air pollution control systems, Hg 0 may either remain as a mono-atomic species or get oxidized to form an ionic soluble form.
Mercury can be removed from the combustor exhaust gas, typically, by two methods, (1) adsorption to sorbents or (2) wet scrubbing with conversion of the elemental mercury into a more soluble species that can be easily absorbed in a scrubber.
In the first method, sorbent injection or sorbent bed systems typically operate at temperatures between 300-400 o F (Chambers et al., 1998) . Lower temperatures enhance the condensation of moisture, and higher temperatures decrease the adsorptive capacity. At low concentrations of mercury in the flue gas (which is usually the case for incineration of municipal sewage sludge), the adsorption process could become mass transfer limited and reduces the removal efficiency. For example, the mercury concentrations in municipal solid waste (MSW) are from 200 to 1,000 µg/m 3 , 1 to 2 orders of magnitude higher than those from sewage sludge incineration. A much higher carbon-to-mercury ratio is therefore required with sewage sludge than with MSW flue gases to achieve a similar mercury removal.
In the second method by wet scrubbing, the efficiency of the method depends on the speciation of the mercury in the exhaust gas. Mendelsohn et al. (1999) found that the elemental mercury in the flue gas can be oxidized to ionic mercury in a liquid phase by solution of chlorine or chloric acid. Gaspar (1998) stated that it can also be oxidized in gas phase by hydrogen chloride. The oxidized form of mercury such as mercuric chloride is soluble in water and consequently can be removed from the flue gas in a wet scrubbing system. The conversion is temperature dependent and rate limited. Sufficient contact time in the reactor or in the downstream is required to provide a good speciation.
METHODOLOGY
The research work presented in this paper was performed in 2000, at the NWB and the LM plants, during their commissioning phases. Both plants are equipped with a heat recovery system (HRS) and a wet type air pollution control system (APCS). As shown in Fig. 1 and Fig. 2 , the NWB and the LM plants' HRS consist of two heat exchangers (HE), shell and tube type, installed in series. The first HE is to preheat combustion air for auxiliary fuel reduction. The second HE is for stack plume suppression, by either addition of preheat air to the clean gas or by direct reheat of the clean gas. At both plants, the residence time of the gas in the HRS is approximately 1.5 sec.
At NWB, the APCS consists of a venturi scrubber followed by a cooling tray scrubber and a wet electrostatic precipitator (WESP). At the LM, the APCS is composed of a quench pre-cooler followed by a venturi scrubber and cooling tray scrubber.
With a thermal capacity of 26 millions btu/h, the FBC reactor at NWB is designed to treat mixture of de-watered primary and secondary sludge at a feed rate up to 2250 lbs of dry solids per hour (lbs DS/h). The feed is dewatered by belt filter presses and pumped into the fluidized sand through two feed ports. Number 2 fuel oil, used as auxiliary fuel, is injected into the reactor via six fuel guns, as needed.
The thermal capacity of the LM plant is 63 millions btu/h. The FBC reactor is designed to treat 6000 lbs DS/h. The plant treats both sludge generated at the LM and at the Mill Creek (MC) plants. The sludge generated from the LM is a mixture of primary and secondary thickened sludge. It is dewatered by belt filter presses. The sludge imported from the MC plant is anaerobically digested primary and secondary sludge. It is dewatered by belt filter presses and transported by truck to the LM plant. The MC sludge is conveyed from the truck to the same sludge hopper as the LM sludge. The mixture is then pumped to the reactor via 4 feed ports. Auxiliary fuels used at the plant can be either fuel oil or natural gas.
To protect the heat recovery system, both plants are equipped with roof spray nozzles. Atomized water is sprayed, automatically according to a temperature control system, to instantly cool off the exhaust gas and avoid any temperature excursions.
At both plants, NOx, CO, CO 2 , O 2 , and Hg were measured at the stack using EPA methods 7E, 10, 3A (CO 2 and O 2 ) and 101A, respectively. During the tests, except for Hg, the emissions of all gases were recorded every minute in real time. NOx are recorded and presented as total nitrogen oxides expressed as NO 2 . Stack gas flow rate, temperature and moisture contents were also measured in each test in accordance with EPA methods 1, 2, 3 and 4. At both plants, the impact of several operating parameters on the emissions of NOx and CO was studied. These parameters include temperature, excess air, characteristics of the feed, nature of the selected auxiliary fuel, and mode of operating. At NWB, the impact of calcium chloride on NOx and Hg emissions was also studied. Hg concentrations were simultaneously collected and measured at three different gas temperatures at three different locations of the downstream equipment (inlet to secondary heat exchanger, outlet of cooling tray scrubber and outlet of WESP).
At each plant, sludge samples were collected for each test and were sent to analytical laboratories for proximate and ultimate analyses.
It is important to note that the emissions presented in this paper may not be representative of typical fluid bed emissions. Some of them, much higher than typical emissions, were voluntarily simulated for the study. Representative emissions of both plants are much lower than the emission requirements and can be found in Heitz et al. (2001) and in the NW Bergen compliance report by Daniels (2000) .
RESULTS

Sludge Analyses
Proximate and ultimate analyses including heating values of the sludge and the auxiliary fuels used at the two plants are presented in Table 1 . These results represent the averages of several individual sample analyses (23 for the NWB mixture, 2 for the NWB primary, and 14 for the LM mixture). Each sample was based on a composite of several grabs collected during each test run.
Total Solid content of both NWB and LM sludge mixtures are very similar and range from 20.5 to 21 %TS. However, the two mixtures are very different in VS content; higher VS were recorded at NWB than at LM (84.6% versus 61.7%). There is also more O 2 in the NWB sludge than in the LM sludge (26.7% versus 17.5%).
Based on dry solids, NWB mixture sludge has higher heat values than its counterpart (6,792 versus 6,233 btu/lb DS).
Compared to the mixtures from both plants, the primary sludge at NWB has the highest VS and heat value (87.6% VS, 7,095 btu/lbs DS). Again, the VS consists of a high oxygen content (31.3% of VS is O 2 ). 
Emissions of CO and NOx
Effect of Temperature CO emissions from the NWB plant are presented in function of freeboard temperature in Figure 3 . To compare with the NJDEP limit requirement of 0.55 lb/hr, the emissions are expressed in pound of CO per hour. The data represent hourly average of emissions recorded each minute. To isolate the freeboard temperature from the roof spray effect, no data was included when the roof sprays were in operation. CO emissions decrease linearly when the freeboard temperatures increase. At the NWB plant, in order to maintain a CO within New Jersey State limit, it is necessary to keep the freeboard temperature at or above 1540 o F.
Figure 3 -Influence of Freeboard Temperature on CO Emissions at the NWB Plant
The impact of freeboard temperature on NOx is not clear within the normal operating range of 1500-1600 o F. However, whenever the water roof sprays are activated, a drop in NOx was noticed, coinciding with a decrease in freeboard temperature (these results are presented in the section, "Effect of Operating Methods").
The impact of bed temperature on the emissions of NOx at the NWB plant is presented in Fig. 4 -5. The study was made during the early morning stabilization phase at steady sludge and oil feed rates. Since the bed of sand has a high thermal inertia, it took 45 minutes for the bed temperature to stabilize (see Fig. 4 ). During this phase, NOx emissions decrease linearly (from 270 ppmv to 90 ppmv) with bed temperatures (from 1370 to 1200 o F) as shown in Figure 5 . NOx is reduced by 1.1 ppmv on the average for each degree F reduction in bed temperature.
It is believed that with high VS sludge, high bed temperatures can accelerate the volatilization of combustibles and increase the over-bed burning problem. With excessive over-bed burning, the mixing between oxygen and combustibles will be faster, resulting in much higher freeboard temperature. The higher the bed temperature, the higher is the freeboard temperature. Furthermore, when wet sludge is supplied to the system in which auxiliary fuel is required to sustain combustion, bed temperatures increase with fuel feed rate, increasing therefore the contribution of nitrogen from the fuel as NOx.
At NWB the bed temperature was kept between 1220-1300 o F in order to minimize the over-bed burning and to comply with the NOx emission requirement. In general, the bed temperature has to be high enough to secure safe ignition of the feeds in the bed, and to provide a freeboard temperature high enough to completely combust all organic compounds, but low enough to avoid excessive over-bed burning. The optimum bed temperature varies from application to application, and depends strongly on the characteristics of the feed. 
Effect of Excess Air
The impact of excess air was studied with the NWB sludge mixture (see its characteristic in Table 1 ). The NOx emissions are presented in function of the O 2 concentration in Figure 6 for a broad range of operating conditions. These conditions include fluidizing air rate, sludge characteristics, sludge and oil feed rates, and bed temperatures. Each data point in Figure 6 represents the average of 30-60 minutes of NOx emissions recorded during stable operating conditions. To compare to the NJDEP limit of 2.79 lb/h and a minimum requirement of 3% O 2 (wet gas), the results are presented in lb/h and also in lb/ton DS versus O 2 %, based on wet gas. As expected, NOx increases with excess air independently of all other operating conditions. At the NWB plant, in order to meet the NOx emission limit, O 2 concentration must be maintained lower than 6%, wet gas basis, corresponding to approximately 8% dry gas basis.
The impact of excess air on NOx when running with primary sludge can also be seen in Figure 7 with the primary sludge at two different TS contents. On the average, for the dry sludge of 26-28% TS, NOx are reduced by 25 ppmv (18 ppmv for the wet sludge of 20% TS) for each percent reduction in excess oxygen. 
Effect of Feed Characteristics
Effect of VS and Heat Content of Dry Sludge The effects of VS and heat value of the dry sludge are shown in Figure 8 . These tests were made at both NWB and LM plants, with mixtures of primary and secondary sludge. Fuel oil was used as auxiliary fuel in both cases. During this series of tests, temperatures and excess air were kept as similar as possible (bed temperature of 1250 -1300 F, freeboard temperature of 1550 -1600 F and an excess air of 7.2 -7.9 % in O 2 , dry gas basis). Both NOx and CO emissions are higher at the NWB plant than at the LM (60 versus 22 ppmv for NOx, and 7.9 ppmv versus 4.6 ppmv for CO, respectively). Furthermore, NOx emissions are more variable at NWB than at LM. The amplitudes of the spikes at NWB are also higher, and vary between 42 and 80 ppmv.
Figure 8 -Effect of VS and Heat Content on CO and NOx Emissions (Tests with Mixture of Primary and Secondary Sludge)
Also, in comparison with the run on NWB primary sludge with even higher VS and higher heat content than the NWB mixture, higher NOx was recorded (see Fig. 7 ). At the same TS and same excess air of 7.9 % dry gas based, NOx recorded with the primary are on the average equal to 125 ppmv (see Fig. 7 ), compared with 60 ppmv for the mixture (see Fig. 8 ). Data from Table 1 , Fig. 7 and Fig. 8 show that NOx increase linearly with the ratio of sludge oxygen to sludge nitrogen.
It is believed that both thermal and fuel NOx are promoted by rapid mixing of oxygen and other combustibles of the sludge. Rapid mixing can accelerate the combustion Ave O2 = 7.2%, Dry Gas Ave O2 = 7.9%, Dry Gas process and increase its temperature. The higher the sludge VS and its oxygen concentration, the faster will be the mixing. Higher heat content of the sludge also increases the flame temperature, which will increase the NOx emissions.
Effect of Total Solids Content
To study the impact of total solids (TS) content on NOx emissions, the secondary treatment at the NWB plant (or wastage) was interrupted for several days before the test. With pure primary sludge, the existing belt filter press can bring the sludge up to 28% TS (see Table 1 ).
In the first part of the test, the reactor was fed with dry primary sludge of 28% TS. The total solids content was then lowered gradually to 20% in the second part of the test by lowering the belt tension of the belt filter press. As the sludge TS decreases, bed temperature decreases and therefore the feeding of fuel oil is increased to maintain a correct minimum temperature. NOx emissions expressed in lb/h of NO 2 are presented in function of TS content in Fig. 9 . Each data point in Fig. 9 represents an hourly average. While O 2 concentrations are in the range of 6.0-6.9 %, wet based, NOx emissions decrease when TS was lowered from 28% to 22%. The results confirm the findings of Sapienza et al. (1998) .
Figure 9 -Effect of Sludge Dryness on NOx Emissions (Tests with Primary Sludge)
With the same series of tests but presented differently, NOx emissions at two different ranges of solid contents 26-28%, and 20-22% were plotted in function of excess air and presented in Fig. 7 . With a same VS, heat value, and excess air, it is clear that the emissions of NOx are higher with the dryer sludge.
It is believed that the dryer the sludge, the faster it will combust. With less heat required to evaporate the sludge moisture, more energy is available around the combusting material, increasing therefore the flame temperature. Furthermore, with less water vapor around the combusting particle, the concentration of oxygen at the combusting particle would be higher. While TS, VS and heat content influence the emissions of NOx, temperature and excess air remain the real causes of NOx generation.
Effect of Fuel Bound Nitrogen
Although, Figures 7, 8 and Table 1 do not show a clear relation between NOx emissions and the sludge nitrogen concentration, a correlation does exist between NOx and the ratio of the sludge oxygen to sludge nitrogen. For example, the NWB primary, NWB mixture and LM mixture having the respective O/N ratios of 9.7, 5.4 and 4.1 produced a NOx emission of 125, 60 and 22 ppmv, respectively. All three tests had the following operating conditions: 7.9% O 2 (dry gas) and 20%TS. The correlation is linear with an increase of 18.5 ppmv per O/N ratio unit.
The NOx emissions also increase clearly with nitrogen feed rate, as shown in Figure 10 for the run on sludge (with fuel oil as auxiliary fuel) and in Figure 11 for the run on fuel oil only. Assuming that thermal NOx are negligible compared to fuel NOx, then one can calculate the percentage of fuel bound nitrogen converted to NOx. These percentages of nitrogen conversion are also presented in Fig. 10 and Fig. 11 . Data in Fig. 10 represent hourly averages of tests performed at the NWB plant, including the tests with addition of calcium chloride as discussed later in this paper. They cover a wide range of operating conditions. NOx emissions increase with the quantity of fuel bound nitrogen fed to the reactor. Depending on the operating conditions and the sludge quality, sludge and fuel oil nitrogen conversions range from 0.7% to 2.5%. Fig. 11 represents the NOx emissions in function of nitrogen feed rate at idling mode, when the reactor is running on fuel oil only. Three different oil feeding rates were used to maintain three different freeboard temperatures. Since fluidizing/combustion air remains the same, excess oxygen in the exhaust gas lowers with higher oil feed rates (or higher temperatures). Again, NOx increase with higher fuel oil's nitrogen feed rate. The increase is linear, with very high percentages of conversion, ranging from 76% to 82%.
The high fuel oil nitrogen conversion can be partially explained by higher excess air when running on oil only (16% versus 6-7% for run on sludge and oil). The difference in nitrogen conversion between the two modes of operating can also be explained by the difference in characteristics of the two feeds, including their VS, TS and heat value. With much higher heat content, 100%TS and 100% VS, it is believed that the flame temperature would be much higher than the overall bed temperature, which could promote the formation of more NOx. 
Addition of CaCl2
Effect of Auxiliary Fuel Selection The LM plant is equipped with both #2 fuel oil and natural gas injection systems. Fuel oil is introduced into the reactor via 8 oil guns, distributed on the periphery of the bed at about one foot above the distributor. Natural gas is injected via 16 gas guns, distributed homogeneously all over the bed section at the distributor level. Typical NOx and CO emissions are presented in Fig. 12 , when the plant was running on LM sludge with fuel oil and with natural gas as auxiliary fuel. While freeboard temperatures remain the same at 1550-1600 o F, bed temperatures were raised to typically 1380-1420 o F when running on gas compared to 1250-1300 o F on fuel oil. The average excess oxygen was 7.2 % and 8.8% (dry gas) for the runs with fuel oil and natural gas, respectively. Figure 12 shows that NOx and CO emissions are much lower when running on gas than on fuel oil: 13 versus 22.5 ppmv for NOx and 2.8 versus 4.6 ppmv for CO for the two runs, respectively. The emissions are also much steadier with natural gas, regardless of the high bed temperature and high excess air of the run.
Natural gas spreads out and mixes with the fluidizing air throughout the bed better than the fuel oil. The effect of higher flame temperatures would, therefore, be less important. 
Effect of Operating Methods
The way the plant is operated also has an impact on both emissions of CO and NOx. Process perturbations such as a sudden cut off in the feed (including sludge and fuel), inconsistency in the quality of the feed, and activation of the roof water spray were investigated.
Figures 13a and 13b display the fluctuations of CO and NOx when the feed was suddenly changed. In Figure 13a , the plant was originally running on both sludge and fuel oil, then the sludge feed was suddenly shut down. In Figure 14 , the plant was initially running on fuel oil, which was then suddenly cut off and feeding started on sludge only. To help understand the process, CO 2 and O 2 are also presented in these Figures. In both cases, there are sudden spikes in NOx of at least 200 ppmv during the 6 minutes following each change. The CO seems less affected by the change. The sharp increase in NOx is always accompanied by the spike in O 2 and a decrease in CO 2 . O2, % x 10-1 CO2, % x 10-1
Fig 13b
Similarly, Figure 14 presents NOx and CO emissions recorded when the sludge was temporarily cut off. Again, there were big disturbances in both NOx and O 2 following the feed cut off. The spike in NOx following each feed interruption is therefore explained by the sudden increase in excess air. In order to protect the HE from high temperatures the roof spray nozzles atomize water into the exhaust gas. This water instantly cools the gas, keeping it less than 1600 o F. These injectors work in sequence, intermittently, and are automatically controlled by a group of set points. Emission perturbations, due to the activation of the roof sprays, are presented in Figure 15 . The use of the roof sprays has a great impact on the emissions of NOx and CO. When water is injected, the instantaneous drop in temperature systematically increase CO and decrease NOx. Addition of water to the flue gas increases the flue gas volume, and therefore lowers its O 2 concentration. The increase in CO can be explained by the decrease in freeboard temperature as presented previously in Figure 3 . The decrease in NOx is explained by both low temperature and low excess O 2 .
To minimize NOx and CO generation, bed temperature has to be selected low enough to avoid over-bed burning and therefore activation of the roof sprays, but high enough to ignite safely all the bed combustibles. The impact of feed consistency on the emissions of both CO and NOx were studied at the LM plant, and are presented in Fig. 16 . The plant was first fed with MC sludge and then switched to the MC -LM blend at 11:38 AM. The sludge from MC is anaerobic digested sludge dewatered by belt press up to 20% TS. The VS of MC sludge is lower than the LM sludge VS (MC VS is approximately 50%, compare to the LM VS of 61.7%). Fig. 16 shows that there was a significant change in CO emission when the plant was switched from MC to the MC-LM blend. CO emissions began to fluctuate, with amplitudes of the spikes as high as 250 ppmv. The combustion process behaves like sporadic combustion, with intermittent feeding. The sporadic combustion is attributed to the inconsistency of the feed, which is due to the difference in nature of the two sludges and also to the way they are mixed.
When the plant is operated smoothly, with minimum perturbations of the process, the emissions of both CO and NOx are lower. Feeding has to be as steady as possible, bed temperature has to be selected such that over-bed burning is kept to a minimum to avoid the activation of the roof sprays. If the feed is a mixture of two sludges of different nature, the sludges have to be completely mixed prior to feeding. Effect of Calcium Chloride Addition Calcium chloride dihydrate (CaCl 2 . 2H 2 O), commonly used as road salt, was fed into the sludge piston pump hopper with a calibrated auger. There it mixed in with the sludge prior to feeding to the reactor. To ensure that the additive was present in the reactor at the time of the test, each series of measurements commenced 30 minutes after the chemical addition had begun. It was observed that during the addition of calcium chloride the reactor freeboard was brighter than usual and the color inside of the reactor changed from the normal orange/yellow to an incandescent blue.
The results from these 6 tests are presented in Figure 10 . Each test was one hour long, and the data points represent the hourly averages. A significant reduction in NOx emissions was noted, yielding a percentage of nitrogen conversion of only 0.3%, half of the lowest conversion obtained without calcium chloride.
It is believed that calcium chloride added to the sludge reacts with water from the sludge, and produces the following reactions, which can occur at the combustion temperature: 
These products are soluble in water and therefore can be removed in the venturi scrubber, cooling tray or WESP water.
It is also believed that addition of calcium chloride to the reactor increases the pH of the venturi scrubber water, which could enhance the solubility of NO 2 and higher oxidized forms of nitrogen oxides. Unfortunately, the scrubber water pH and the chemical analysis of the water were not measured at the time of the test.
It is also believed that the bright color of the freeboard gas observed during calcium chloride addition is due to the presence of lime at high temperature, confirming reactions 1 and 2.
Mercury Emissions
Effect of Gas Temperature
The concentration of mercury in municipal sewage sludge is usually low compared to solid wastes. At the NWB plant, the mercury concentration ranges from 0.79 to 1.75 ppm (dry weight) and varies with each sample. The inconsistency of the mercury concentration makes the calculation of the mass balance of the system impossible. For this reason, Hg was measured simultaneously at three ports, at the inlet of the secondary heat exchanger (2 nd HE) and at the inlet and outlet of the WESP. At the 2 nd HE inlet the gas temperature is 968 o F, much higher than the vaporization temperature of mercury. Therefore, the quantity measured at the 2 nd HE can be assumed to equal the total Hg in the sludge fed to the reactor. The results of five, one-hour, tests are presented in Table 2a,  and Table 2b . The average gas temperatures at the inlet and outlet of the WESP were 104 and 65 o F, respectively. In these tables, the concentration of HCl, expressed in ppm volume (dry gas basis), are calculated from the quantity of chlorine fed to the reactor via sludge and fuel oil. In the calculation it assumed that the total chlorine fed to the reactor is in the vapor phase as HCl. These results show clearly that:
(1) There is practically no removal from the 2 nd HE and the cooling tray outlet (WESP inlet) when the temperatures drop from 968 to 103 o F. (2) On the average, 25% of mercury can be removed in the WESP by condensation, when the temperatures drop from 103 to 65 o F. 
Since mercury chloride is highly soluble in water, the mercury can be removed either in the venturi scrubber, cooling tray or wet ESP water, and leave the system in the ash slurry.
CONCLUSIONS
Within the normal freeboard temperature operating range of 1500-1600 o F, the CO emissions decrease linearly with an increase in freeboard temperature. At this temperature range, there is no clear impact of temperature on NOx. The optimum freeboard temperature is between 1540 -1580 o F. With high VS sludge, high bed temperatures increase over-bed burning and therefore increase the NOx emissions. The optimum bed temperature is determined by the characteristics of the feed.
High excess air increases NOx emissions. To minimize NOx, oxygen in the exhaust gas must be maintained between 4 to 8% (dry gas) or 2 to 6% (wet gas based). Depending on the dryness of the sludge, NOx can be reduced by 18-25 ppmv, on average, for each percent reduction in excess oxygen.
Feed characteristics have a great impact on the emissions of both CO and NOx. It was found that not only does NOx increase with TS, but also with VS and the heat value of the dry sludge. While there is no clear relation between NOx and sludge nitrogen concentration, NOx increases with the ratio of sludge oxygen to sludge nitrogen and with the nitrogen feed rate. The use of natural gas as the auxiliary fuel produces lower emissions than #2 fuel oil. If the NOx were assumed mainly from nitrogen bound fuel, approximately 0.7-2.5% of nitrogen is converted to NOx for sludge and fuel, compared to 76-82% for fuel oil only.
The mode of operating the incinerator has a big impact on both NOx and CO emissions. To lower the emissions, the operation has to be consistent, with minimum process perturbations and minimum feed interruptions. Following each feed interruption, NOx increased at each increase of O 2 . Moreover, the feed if combined, has to be mixed thoroughly before feeding. Inconsistency of the feed was found to be very harmful to the emissions of CO.
The impacts of feed characteristics and mode of operation on the CO and NOx emissions can be explained by the effects of either temperature or excess air or by both.
Approximately half the NOx can be removed with addition of the calcium chloride (percentage of nitrogen conversion reduction from 0.7 to 0.35%).
Part of the flue gas mercury can be removed by condensation. The mercury concentration recorded at the NWB plant dropped from 198 to 145 µg/dscm, a removal of 25 %, when the gas was cooled from 968 to 65 o F. Calcium chloride addition was able to increase further the removal of mercury, up to 74%. The removal efficiency increases with concentration of hydrogen chloride in the exhaust gas.
It is possible to reduce both emissions of NOx and Hg by injection of calcium chloride in the sludge prior to feeding. With long enough residence times, and at appropriate temperatures, calcium chloride is believed to generate strong oxidants, which promote the oxidation of both elemental mercury and NOx into more soluble forms which can then be separated from the flue gas in a wet APC system.
